Objective-To examine the amount of objectively measured MVPA and LPA that is associated with long-term weight loss and the maintenance of clinically significant weight loss.
INTRODUCTION
Overweight (BMI ≥25 kg/m 2 ) and obesity (BMI ≥30 kg/m 2 ) are significant public health concerns associated with chronic health conditions. (1, 2) The cornerstone of lifestyle interventions include reduced energy intake and increased energy expenditure, and a key behavior for enhancing weight loss is physical activity. Physical activity accounts for approximately 2-3 kg of weight loss beyond what is achieved through diet modification over a period of up to 6 months, (2, 3) and is associated with improved long-term weight loss. (4, 5, 6, 7, 8, 9, 10) The amount of moderate-to-vigorous intensity physical activity (MVPA) associated with improved long-term weight loss appears to be approximately 250-300 minutes per week. (3) The amount of physical activity associated with improved long-term weight loss is based mostly on self-report of MVPA. (5, 6, 7, 8, 10) Given the potential for persons who are overweight or obese to over-report their physical activity, (11, 12) it is unclear if selfreported data accurately reflect the amount of MVPA that is associated with improved longterm weight loss. Moreover, reliance on self-report has limited the ability to understand the contribution of various intensities of physical activity, particularly light intensity activity (LPA), on weight loss, which has not been examined in prior studies. Use of objective assessment of physical activity would provide greater insight into the amount of MVPA required and the potential contribution of LPA related to weight loss.
Objectively measured physical activity was assessed within the context of an 18 month behavioral weight loss program to examine the amount of MVPA and the contribution of LPA that is associated with absolute weight loss and patterns of weight loss.
METHODS AND PROCEDURES Participants
Participants were recruited between May 2008 and February 2010, with data collection completed by September 2011. Procedures were approved by the Institutional Review Boards at the University of Pittsburgh and University of North Carolina at Chapel Hill; the two clinical sites for this study.
Participants were recruited through television, newspaper, and other mass media advertisements. Interested individuals provided verbal consent prior to completion of a telephone screening that was used to determine initial eligibility, with this information being confirmed at an in-person visit after written informed consent was obtained. A medical history and a physical activity readiness questionnaire were completed, in addition to clearance from the individual's physician that was obtained prior to any additional data collection and prior to randomization in the weight loss intervention. Eligibility criteria included body mass index (BMI) within 25.0 to <40.0 kg/m 2 and age between 18 to 55 years, along with additional eligibility criteria previously reported. (13) This study randomized 363 individuals; however, 2 participants did not provide objectively measured physical activity at baseline, resulting in 361 participants with valid data at baseline. Demographic characteristics are presented in Table 1 . Justification for sample size, the process for randomization, and the consort diagram for the primary outcomes have previously been published. (13) 
Outcome Assessments
Body weight was assessed at 0, 3, 6, 9, 12, 15, and 18 months, and objectively measured physical activity assessed at 0, 6, 12, and 18 months. Participants were compensated $25 for completion of assessments at 0, 6, 12, and 18 months, and compensated $10 for completion of assessments at 3, 9, and 15 months. Assessment staff knew that the participants were in an active weight loss intervention program because this study did not include a no-treatment control group. To minimize the potential for bias, the staff did not have access to the prior assessment data when assessments were being conducted.
Weight was assessed on a scale to the nearest 0.1 kg with the participant clothed in a hospital gown or light-weight clothing. Height was measured only at baseline to the nearest 0.1 cm. BMI was computed as kg/m 2 .
Physical activity was measured using a device worn as an armband for one week (SenseWear Pro Armband, BodyMedia, Inc.) at each of the assessment periods to provide an estimate of minute-byminute energy expenditure. This device has been shown to provide a valid measure of energy expenditure. (14, 15) Minute-by-minute energy expenditure was converted to metabolic equivalents (METs) . These data were used to identify minutes of LPA (1.5 to <3.0 METS) and MVPA (≥3.0 METs). Data were considered valid and used for analysis only if the participants wore the device for ≥10 hours per day for ≥4 days, as it has been reported that this amount of objectively measured physical activity is sufficient to determine a consistent pattern of physical activity. (16, 17) Data are presented as METminutes per week (MET-min/wk).
Behavioral Weight Loss Intervention
Participants were randomized to one of two 18 month behavior weight loss interventions, a standard behavioral weight loss intervention (SBWL) or a stepped-care intervention (STEP) . The details of the intervention and the main study results have previously been published, (13) and a brief description is provided below.
Diet Recommendations-SBWL and STEP were prescribed an energy-reduced diet consisting of 1200 to 1800 kcal/day based on initial body weight, and reduce fat intake of 20 to 30% of total energy intake.
Physical Activity-SBWL and STEP were prescribed a physical activity program. Physical activity was initially prescribed at 100 min/week and progressed by 50 minutes every 4 weeks until a prescription of 300 min/week was achieved. Participants were encouraged to be physically active in bouts that were ≥10 minutes in duration and at a moderate-to-vigorous intensity. SBWL Intervention-SBWL was instructed to attend group-based intervention sessions. These intervention sessions were conducted weekly during months 1-6, bi-weekly during months 7-12, and monthly during months 13-18. Each group session was focused on a specific topic related to weight loss that addressed diet, physical activity, or specific behavioral strategies to support the prescribed diet and physical activity recommendations. Participants who were unable to attend a group session were offered an individual make-up session, and if this was not possible an attempt was made for the interventionist to speak with the participant by telephone.
STEP Intervention-STEP was instructed to attend one group-based intervention session per month over the 18 month intervention period. As previously reported, (13) participants were given weight loss goals of 5% at 3 months, 7% at 6 months, and 10% at 9, 12, and 15 months. Failure to achieve any of these a-priori weight loss goals resulted in additional intervention contact by telephone or in-person, or additional weight loss strategies (e.g. supervised exercise, meal replacements) being added to the intervention in a stepped-care manner as previously reported. Each intervention contact focused on a specific topic related to weight loss that addressed diet, physical activity, or specific behavioral strategies to support the prescribed diet and physical activity recommendations. Participants who were unable to attend a scheduled intervention session were offered make-up sessions.
Statistical Analysis-Statistical analyses were performed using SAS (version 9.2), with the type I error rate fixed at 0.05 (two-tailed). Normality of outcome variables was checked using the Kolmogorov-Smirnov test.
Two grouping variables were created: one based on weight change over the 18-months and the other based on weight change patterns at both 6-and 18-months. Separate mixed effects models using the first-order autoregressive dependence structure, AR (1) , were fit to the outcomes. Weight measured at baseline, 3-, 6-, 9-, 12-, 15-and 18-months were analyzed using a mixed effects model with 7 time points. Inferences were focused on the main effects of weight change groups, time and the interaction effect between these two. Randomization stratification factors such as clinic, gender, and race were adjusted in the mixed effects model as covariates. Missing weight measures were handled using the multiple imputation methods implemented in SAS using the PROC MI and PROC MIANALYZE. A total of 10 imputation datasets were generated, analyzed, and summarized. The least square means obtained from the mixed effects model were presented. Weight changes from baseline and % weight change from baseline were analyzed similarly using separate mixed effects models with 6 time points with additional adjustment for the baseline weight.
For MET-min/wk, the square root transformation was used to correct for the skewedness in its distribution. Only participants with objective physical activity measured for at least one time point (0, 6, 12, or 18 months) were included in the analysis, and missing MET-min/wk were imputed to be zero. Separate mixed effects models with 4 time points were fitted to the MET-min/wk for each of the following activity bouts: ≥1 minute in duration and between 1.5 to <3.0 METS (LPA), ≥1 minute in duration and ≥3.0 METs (MVPA-TOTAL), between 1 and <10 minutes in duration and ≥3.0 METs (MVPA<10), and ≥10 minute in duration and ≥3.0 METS (MVPA≥10). The least square means obtained from these models were backtransformed and so were the 95% confidence limits. Pairwise comparisons were performed at a significance level that was adjusted using the Bonferroni method, resulting in a type I error rate of 0.008 for 6 pairwise comparisons among the 4 groups.
RESULTS

Physical Activity Comparison based on 18 Month Weight Loss
Participants were grouped on the magnitude of percent weight change from baseline to 18 months. It has been suggested that health benefits can be realized with 5% weight loss, (18, 19) and weight loss of 10% has been recommended as an important clinical target. (2) Therefore, these weight loss targets were used to categorize participants, with groups consisting of weight gain (GAIN), weight loss <5% (WL<5%), weight loss of 5% to <10% (WL<10%), and weight loss ≥10% (WL≥10%). To be placed into the appropriate group the participant needed to provide weight data at 0 and 18 months, resulting in 260 (71.6%) of the 363 randomized participants being included in the analyses. Demographic characteristics of the sample of the 260 are presented in Table 1 and closely resemble the demographic characteristics of the randomized sample with complete data at baseline. The pattern of weight change over the 18 month intervention is shown in Table 2 and Figure 2 . Weight loss at 18 months was significantly different between GAIN (mean±S.E.M.; +3.63±0.72%), WL<5% (−2.70±0.62%), WL<10% (7.33±0.62%), and WL≥10% (−16.6±0.47%) (p<0.0001).
The results of the analysis of the physical activity data was not significantly influenced by randomized treatment group assignment (SBWL vs. STEP) and therefore this was not considered further in these analyses. Comparison of MVPA≥10 showed a significant Group X Time interaction (p<0.0001) (Table 3) . Post-hoc analysis with Bonferroni adjustment for multiple comparisons (α=0.008) revealed that MET-min/wk for MVPA≥10 was significantly greater in WL≥10% compared to GAIN, WL<5%, and WL<10% at 6, 12 and 18 months. A similar pattern of results was observed for MVPA-TOTAL at 18 months, although relationships were not as strong at 12 months and even less so at 6 months, compared to MVPA≥10. There was no significant difference between 18 month weight loss categories (GAIN, WL<5%, WL<10%, WL≥10%) for MVPA accumulated in bouts 1 to <10 minutes (MVPA<10) ( Table 3) .
LPA showed a significant Group X Time interaction (p<0.0001) (Table 3) . Post-hoc analysis with Bonferroni adjustment for multiple comparisons revealed that MET-min/wk for LPA was significantly greater in WL≥10% compared to GAIN and WL<5% at 12 and 18 months.
Physical Activity Comparison by Pattern of Weight Loss at 6 and 18 Months
Participants were also grouped on the magnitude of percent weight change that was achieved at both 6 and 18 months. Weight loss of 10% has been recommended as an important clinical target. (2) Therefore, participants were grouped based on <10% weight loss at both 6 and 18 months (NON-LOSS, N=104), <10% weight loss at 6 months and ≥10 weight loss at 18 months (LATE-LOSS, N=19), ≥10% weight loss at 6 months and <10% weight loss at 18 months (NON-MAINTAIN, N=44 ), or ≥10% weight loss at both 6 and 18 months (MAINTAIN, N=86). To be placed into the appropriate category, weight data at 0, 6, and 18 months was required, resulting in 258 (71.1%) of the 363 randomized participants being included in the analyses. Demographic characteristics of the 258 participants are presented in Table 1 and closely resemble the demographic characteristics of the randomized sample with complete data at baseline. The pattern of weight change over the 18 month intervention is shown in Table 2 and Figure 3 .
The results of the analysis of the physical activity data here was not significantly influenced by randomized treatment group assignment (SBWL vs. STEP) and therefore this was not considered further in these analyses. Physical activity data are presented as MET-min/wk. Comparison of MVPA≥10 showed a significant Group X Time interaction (p<0.0001) (Table 4) . Post-hoc analysis with Bonferroni adjustment for multiple comparisons (α=0.008) revealed that MVPA≥10 was significantly greater in MAINTAIN vs. NON-LOSS at 6 months, and in MAINTAIN vs. both NON-LOSS and NON-MAINTAIN at 12 and 18 months. However, there was no significant difference between the groups when MVPA<10 was examined (Table 4) .
Total volume of LPA (MET-min/wk) showed a significant Group X Time interaction (p=0.0075) (Table 4) . Post-hoc analysis with Bonferroni adjustment for multiple comparisons (α=0.008) revealed that for LPA was significantly greater in MAINTAIN compared to NON-LOSS at 12 months and 18 months.
DISCUSSION
Physical activity is associated with improved weight loss and the maintenance of weight loss. (3) However, the majority of the findings that support this association are based on selfreported physical activity. It is important to confirm that findings from self-report provide an accurate representation of the amount of physical activity that is associated with weight loss. The findings from the current study are based on objectively measured physical activity using a validated wearable monitor, which may provide valuable insight regarding the dose, duration, and intensity of physical activity that is associated with long-term weight loss.
When participants were grouped based on weight loss achieved at 18 months (GAIN, WL<5%, WL<10%, WL≥10%), MVPA-TOTAL was significantly greater in WL≥10% compared to all other categories (GAIN, WL<5%, and WL<10%) (Table 3) . However, it appears that the difference in MVPA is a result of WL≥10% engaging in more MVPA≥10 at 6, 12, and 18 months when compared to those participants achieving less magnitudes of weight loss, and not a result of differences in MVPA<10. This is an important finding because public health recommendation for physical activity recommend the engagement in bouts of MVPA that are at least 10 minutes in duration, and these findings appear to support this recommendation for weight loss.
Brisk walking, or activities similar in intensity, were recommended as the form of physical activity within this weight loss intervention. Assuming an intensity of 4.5 METS, which reflects brisk walking, the minutes of weekly MVPA≥10 in WL≥10% at 6, 12, and 18 months would be approximately 337, 257, and 260 minutes per week, respectively. Similar magnitudes of MVPA≥10 were observed for individuals who lost ≥10% of their initial weight at 6 months and sustained this magnitude of weight loss at 18 months (MAINTAIN), with the duration of MVPA≥10 being 314.4, 236.2, and 238.4 minutes per week at 6, 12, and 18 months respectively. These durations of MVPA are comparable to the 200 to 300 minutes per week of physical activity recommended to enhance long-term weight loss and to minimize weight regain.(3) These recommendations based primarily on studies that relied on self-reported physical activity are largely confirmed by the results of this study using an objective physical activity monitor.
Limited studies have used objectively measured physical activity to examine the association with long-term weight loss, (4, 9) and there are limitations to these studies. Schoeller et al. (9) recruited patients after they had lost >12 kg, and used physical activity measured with doubly-labeled water to predict weight regain over the subsequent 12 months. Catenacci et al. (4) used accelerometry in a cross-sectional design to compare physical activity in a subsample of successful weight losers to both normal weight and overweight control participants. By comparison, the current study measured physical activity objectively at 6 month intervals throughout the entire 18 month intervention, which provides greater detail regarding the dose, duration, and intensity of physical activity in individuals achieving different magnitudes of weight loss within a behavioral weight loss intervention.
Objective measurement of physical activity also allowed for the examination of LPA, which has received little attention within the scientific literature on long-term weight loss. Individuals achieving the greatest weight loss (Table 3) or maintaining significant weight loss (Table 4) were participating in a greater amount of LPA compared to individuals less successful at long-term weight loss. This is an important contribution and may suggest that the combination of increasing both MVPA≥10 and LPA contribute to long-term weight loss success, and the role of LPA warrants further investigation. MVPA≥10 and LPA may both contribute to increase energy expenditure, which facilitates energy balance and body weight regulation. However, there may be additional metabolic and physiological pathways by which the dose, duration, and intensity of physical activity shown to be associated with long-term weight loss success in this study contribute to the regulation of energy balance and body weight. These may include influences of physical activity on energy intake and eating behavior, fat metabolism, and other hormonal or physiological processes, and these warrant further investigation.
The intervention in this study also included recommendations for reducing energy intake, and therefore physical activity was not solely responsible for the weight loss observed in this study. However, the interaction between physical activity and energy intake can be complex.
For example, that greater engagement in physical activity is not necessarily associated with improved compliance to reduced energy intake. (20, 21) It has also been shown that physical activity is associated with a reduction in energy intake in some individuals and with an increase in others. (22) The complex interaction between physical activity and energy intake warrants further investigation. This study did show that a comprehensive behavioral weight loss program can elicit significant long-term weight loss, and the magnitude of weight loss achieved is comparable to what is achieved with other medical-based clinical interventions. For example, individuals classified as WL≥10 or MAINTAIN achieved 18 month weight loss of 16.6±0.5% and 17.4±0.5%, respectively (Table 2, Figure 2, Figure 3 ). This study also showed that 130 of the 253 participants lost ≥10% of initial body weight at 6 months; however, 44 of the 130 participants (33.8%) were unable to maintain ≥10% weight loss at 18 months (Table 2 , Figure 3) , and lower levels of physical activity may have contributed to this weight regain (Table 4 ). Few participants (7.5%) who did not achieve a 10% weight loss at 6 months were ever able to achieve this magnitude of weight loss at 18 months (LATE-LOSS), suggesting that it is unlikely that most individuals who initially do not respond favorably to a behavioral weight loss intervention will ultimately observe longer-term success in such a program. This may have important implications for the clinical management of overweight and obesity. Moreover, the small sample defined as LATE-LOSS may have reduced the statistical power to detect difference in physical activity between this weight loss pattern and other weight loss patterns (GAIN, NON-MAINTAIN, MAINTAIN) .
This study is not without limitations. While prospective data were used to examine the dose, duration, and intensity of physical activity and weight loss, participants were grouped in a post-hoc manner based on weight loss achieved in the intervention. This may result in selection bias and additional confounding factors that could influence the findings reported. Moreover, the majority of study participants were female (82.6%), which prohibited analysis to determine if these findings were consistent between males and females. This study included adults 18 to 55 years of age with BMI between 25 to <40 kg/m 2 , and therefore is it unclear whether these findings would apply to older adults or individuals at higher levels of obesity. Objective measurement of physical activity also occurred for 1 week at 0, 6, 12, and 18 months, which does not provide a comprehensive perspective of physical activity across the entire 18 month period. It is possible that physical activity may have differed during this assessment period compared to normal physical activity behavior; however, we have previously shown that activity does not differ during weeks when participants wear an activity monitor compared to weeks where they do not wear an activity monitor. (11) The results provided objective information on the dose, duration, and intensity of physical activity that is associated with successful long-term weight loss. These findings appear to confirm clinical recommendations for MVPA≥10 that have been based mostly on selfreported physical activity. The findings suggest that LPA may also contribute to successful long-term weight loss when combined with appropriate amounts of MVPA≥10. While the pathways and mechanisms by which the dose, duration, and intensity of physical activity influence weight loss and body weight regulation within the context of behavioral weight loss interventions require further study, promoting the adoption and maintenance of 200 to 300 minutes per week of MVPA≥10 and encouraging engagement in increased amounts of LPA may improve long-term weight loss in adults.
What is already known about this subject
• Physical activity has been recommended as an important lifestyle behavior to enhance long-term weight loss and to maintain weight loss.
• Clinical guidelines, in general, recommend 200-300 minutes per week of moderate-to-vigorous intensity physical activity within the context of a comprehensive weight management program.
What this study adds
• Clinical guidelines for the dose of moderate-to-vigorous physical activity (≥3.0 METs) to promote long-term weight loss are based primarily on self-report. This study included objective assessment of physical activity to quantify the dose of moderate-to-vigorous physical activity that is associated with improved longterm weight loss outcomes.
• Little is known about the pattern of moderate-to-vigorous physical activity. The results of this study show that moderate-to-vigorous physical activity performed in bouts of ≥10 minutes are predictive of improved weight loss outcomes, whereas bouts <10 minutes are not predictive of weight loss outcomes. These findings have important implications for the promotion of moderate-to-vigorous physical activity for the purpose of improved weight loss.
• Little is known about the importance of light intensity physical activity (1.5 to <3.0 METs) to long-term weight loss. This study objectively measured light intensity physical activity and found that participants with greater weight loss at 18 months engaged in more light intensity physical activity than participants with less weight loss. These findings have important implications for the promotion of light intensity physical activity, in addition to moderate-tovigorous physical activity, for the purpose of improved weight loss. Percent weight loss based on weight loss achieved at 6 and 18 months. 254×190mm (300 × 300 DPI) 
